P atients with complex, or multisutural, craniosynostosis are at the highest risk of developing increased intracranial pressure (ICP) unless cranial vault expansion is performed. Unfortunately, it is this same patient population that is at most risk of developing anomalous intracranial venous drainage patterns. 1, 2, 4, 10, 12, 14, 19, 20, 22, 23 These intracranial-to-extracranial collateral vessels develop in the occipital region, hindering safe exposure of the posterior calvaria during posterior vault remodeling and Chiari decompression. There are multiple reports in which cranial vault remodeling and Chiari decompression repairs were abandoned due to anomalous venous drainage patterns, either identified through preoperative imaging or intraoperatively. 1, 2, 8, 23 The precedent for this practice was set by the case of a patient who died after posterior vault remodeling and in whom anomalous venous drainage Patients with multisutural craniosynostosis can develop anomalous venous connections between the intracranial sinuses and cutaneous venous system through enlarged emissary veins. Cranial vault remodeling in this subset of patients carries the risk of massive intraoperative blood loss and/or occlusion of collateral draining veins leading to intracranial venous hypertension and raised intracranial pressure, increasing the morbidity of cranial expansion. The authors report the use of spring-mediated expansion as a technique for cranial reconstruction in which the collateral intracranial venous drainage system can be preserved. A patient with bilateral lambdoid, sagittal, and unicoronal synostosis presented for cranial reconstruction. A tracheostomy and ventriculoperitoneal shunt were placed prior to intervention. At the time of reconstruction, a Luckenschadel skull abnormality and Chiari malformation Type I were present. A preoperative CT venogram demonstrated large collateral superficial occipital veins, small bilateral internal jugular veins, and hypoplastic jugular foramina. Collateral flow from the transverse and sigmoid sinuses through large occipital emissary veins was seen. Spring-mediated cranial vault expansion was performed with care to preserve the large collateral veins at the occipital midline. Four springs were placed at each lambdoid and the posterior and anterior sagittal sutures following 1-cm strip suturectomies. Removal of the springs was performed 2 months postoperatively. Cranial vault expansion was performed without disturbing the aberrant intracranial/extracranial venous collateral system. Estimated blood loss was 150 ml. A CT scan obtained 3 months postoperatively showed resolution of the Luckenschadel deformity and a 40% volumetric increase in the skull compared with the preoperative CT. Patients with anomalous venous drainage patterns and multisutural synostosis can undergo spring-mediated cranial vault expansion while preserving the major emissary veins draining the intracranial sinuses. Risks of blood loss, intracranial venous hypertension, and increased intracranial pressure may be decreased compared with traditional techniques of repair.
patterns were identified postoperatively. 26, 27 Subsequent reports have regarded the presence of anomalous intracranial venous drainage as a contraindication to posterior vault remodeling or other posterior fossa procedures. 1, 2, 8 As a result, traditional cranial vault expansion techniques may have limited application in the setting of anomalous venous drainage patterns.
Spring-mediated cranial expansion was introduced by Lauritzen et al. in 1998 13 and has since been effectively applied to infants with single-and multisutural craniosynostosis. 3, 7, 8, 28 As the operative time is relatively brief and the degree of surgical dissection is limited, spring-mediated cranial expansion has been purported as a safe alternative technique for cranial vault expansion. We present a patient with bilateral lambdoid, sagittal, and unicoronal craniosynostosis, Chiari malformation Type I, and hydrocephalus in whom spring-mediated posterior remodeling was performed in the setting of anomalous intracranial venous drainage.
case report

History and Examination
Institutional review board approval was obtained for this study. A complex neonate was transferred to our tertiary care children's hospital for respiratory failure after being born at 28 weeks due to premature rupture of membranes. Physical examination was notable for severe turribrachycephaly, midface hypoplasia, low-set ears, and clubbed feet. Family history was negative for similar anomalies. A genetic evaluation revealed an Xp21.1 deletion. Radiographic imaging included a skull radiograph demonstrating brachycephaly and thumb printing (Fig. 1) . A CT scan demonstrated multisutural synostosis involving the bilateral lambdoid, posterior sagittal, and medial aspects of the right coronal suture, Luckenschadel cranial abnormality, and occipital concavity in the midline (Fig.  2) . The phenotype resembled bilateral lambdoid and sagittal synostosis (BLSS), first reported in 1976. 15, 16 The hallmark pattern of bilateral lambdoid and posterior sagittal suture fusion gave rise to the term "Mercedes Benz" syndrome. 15 This heterogeneous disorder, recently described in a series of 11 patients, results in a characteristic head shape with frontal bossing, turribrachycephaly, biparietal narrowing, occipital concavity, and inferior displacement of the ears. 11 Three patients in that series had partial/complete synostosis of a single coronal suture, similar to our patient. MRI revealed a Chiari I malformation with 1-cm cerebellar tonsillar herniation, mild enlargement of the lateral and third ventricles, a compressed fourth ventricle, small posterior fossa, and decreased gyration of the occipital/temporal lobes.
The patient underwent resection of a mediastinal hemangioma at the time of infancy followed by a tracheostomy at 3 months of age to treat mixed central and obstructive sleep apnea associated with pharyngomalacia and possibly the Chiari I malformation. At 6 months of age, a repeat CT scan showed worsened Chiari I malformation with 2 cm of cerebellar tonsillar herniation and increased hydrocephalus; a ventriculoperitoneal (VP) shunt was placed. The VP shunt was placed in an anterior location, at the right frontal region, in anticipation of a posterior cranial reconstruction. A preoperative CT venogram obtained at 6 months of age showed large collateral superficial occipital veins, small bilateral internal jugular veins, and hypoplastic jugular foramina. Collateral flow from the transverse and sigmoid sinuses through large occipital emissary veins was seen (Fig. 3) . The patient's treatment plan was delayed due to an episode of tracheitis.
Operation
The operation was performed when the patient was 9 months old. Given the need for expansion in multiple vectors, inconsistent calvarial thickness, and the desire to preserve the venous collateral system of the scalp, spring-mediated posterior expansion was planned. A 3D rendering was used to assist in planning the osteotomies and spring location (Fig. 4) . Spring-mediated cranial vault expansion was performed using a directed bicoronal exposure of the cranial sutures. During exposure, the veins communicating with the scalp were noted as a whole to be larger than is typical for patients with single-or bisutural craniosynostosis of a similar age. Care was taken not to disturb the large, aberrant collateral veins at the occipital midline concavity and major cranial emissary veins by avoiding dissection in this area. A strip craniectomy was performed on the bilateral lambdoid and coronal sutures as well as the sagittal suture. Four cranial springs (Osteomed) were placed: 1 at each lambdoid suture and 2 at the sagittal suture along the posterior and anterior aspects following 1-cm strip suturectomies (Fig. 5) . A 7-N force was applied to each spring and an immediate cranial vault expansion was appreciable at the end of the procedure. Estimated blood loss was 150 ml.
Postoperative Course
The patient's head was kept in the lateral position to avoid pressure injury to the scalp. There was no occurrence of surgical site infection or spring exposure throughout the postoperative course. Spring removal was performed 2 months postoperatively; there were no postoperative complications. A CT scan obtained 3 months postoperatively showed resolution of the Luckenschadel abnormality and a 40% volumetric increase in the skull compared with the preoperative CT (Fig. 6 ). The Chiari malformation was unchanged, and the degree of hydrocephalus was improved compared with preoperative imaging. Of note, the postoperative CT scan demonstrated a portion of the left frontal bone overriding at the location of the osteotomy. We anticipate that this irregularity will improve with brain growth and subsequent calvarial remodeling. Adequate follow-up will be needed to determine the degree of resolution. Over the 5-month follow-up period, the patient's developmental status improved based on developmental milestones. 
discussion
Several studies have reported an association between anomalous intracranial venous drainage patterns and complex craniosynostosis. Jeevan et al. identified abnormal transosseous venous drainage patterns on CT venography in 9 of 11 patients with syndromic craniosynostosis. 12 Booth et al. compared children with and without craniosynostosis, noting a statistically significant, 23% decrease of the jugular foramen on the right side in patients with craniosynostosis. 4 No statistically significant difference was found on the left. Earlier studies identified associations between venous hypertension and hydrocephalus, 17, 21, 24 and many have proposed that venous hypertension may lead to raised ICP. 10, 19, 25 Taylor et al. evaluated venous drainage patterns among 23 patients with multisutural craniosynostosis who ranged in age from 3 months to 8 years; the majority were younger than 3 years of age. 25 Eighteen digital subtraction angiograms showed greater than 50% stenosis at the sigmoid jugular sinus complex on one (7 patients) or both (11 patients) sides; transosseous venous drainage was also identified. Eleven of these patients showed florid collateral circulation in the stylomastoid emissary vein region. All but 2 patients had raised ICP and none had hydrocephalus, suggesting that impaired venous drainage led to intracranial venous hypertension and raised ICP. MartinezPerez et al. described the occurrence of a postoperative arteriovenous fistula in the mastoid region in a 4-year-old patient with Crouzon syndrome following posterior calvarial vault remodeling. 14 The authors suggested that intracranial venous hypertension resulted from impaired drainage due to stenosis of the jugular foramina, leading to scalp vein dilation and subsequent traumatic arteriovenous fistula.
There are case reports and case series describing problems with occipital procedures in the setting of abnormal intracranial venous drainage. As a result, several authors have come to recommend against intervention if anomalous drainage patterns are present. The most notable case was reported by Thompson et al.: a 9-year-old patient with Kleeblattschädel deformity in whom ligation of communicating scalp veins during reflection of the scalp led to sudden intraoperative intracranial hypertension, abandonment of the operation, intractable intracranial hypertension, and subsequent death. 26, 27 The authors later described a patient with left lambdoid partial sagittal synostosis for whom posterior vault remodeling was abandoned intraoperatively due to an unexpected venous hum in the occipital region.
2 MRI and carotid angiography revealed hypoplastic internal jugular veins and transosseous venous drainage via emissaries to the external jugular and vertebral systems. The anomalous venous drainage pattern was regarded as a contraindication to vault expansion. Al-Otibi et al. reported anomalous venous anatomy in a patient with Crouzon syndrome and Chiari malformation with syrinx in which decompression was avoided due to anomalous venous anatomy. 1 These authors recommended that CT venography be performed preoperatively in all patients with multisutural craniosynostosis. Sandberg et al. reported on 2 patients with multisutural craniosynostosis, Chiari I malformation, and prior VP shunt placement in whom posterior fossa decompression was avoided due to anomalous venous drainage patterns. 23 Preoperative CT angiography demonstrated hypoplastic jugular foramina and abnormal transosseous venous drainage to the neck and retromastoid region. In addition, Sanchez et al. described the onset of facial edema 21 months after correction of BLSS at 2 months of age via strip craniectomy and spring placement; bilateral jugular foraminal stenosis was subsequently identified.
22
In this report, posterior vault remodeling was safely accomplished by preserving the intracranial/extracranial venous collateral system. CT venography was performed preoperatively to identify the venous anatomy. Hypoplastic jugular foramina were seen, as were large emissary veins draining into scalp veins in the occipital midline. During the operation, disruption of the venous system in this area was avoided by performing a scalp exposure limited to the cranial sutures and avoiding the central occiput, thereby limiting blood loss and risk of developing intracranial venous hypertension. A strip craniectomy was then performed, followed by a spring-mediated cranial vault expansion. We conclude that the presence of anomalous venous drainage patterns in patients with multisutural craniosynostosis does not necessarily represent a contraindication to cranial vault expansion. Spring-assisted posterior vault expansion has been reported for multisutural as well as for single-suture craniosynostosis. 3, 7, 28 De Jong et al. described a series of 15 expansions in patients with multisutural synostosis; the presence of anomalous venous drainage, however, is regarded as a contraindication to care. 8 In addition to venous drainage anomalies, our patient presented with a Chiari I malformation that remained unchanged after cranial reconstruction. While the association between Chiari malformation and craniosynostosis has been reported, 5, 6, 9, 18 the pathophysiology is unclear. It has been suggested to consist of multiple factors, including cephalocranial disproportion relating to a small posterior fossa relative to hindbrain growth, jugular foraminal stenosis, and impaired intracranial venous drainage that may lead to hydrocephalus and/or intracranial hypertension. 6, 18 Premature lambdoid suture closure has been proposed to be a cause of cephalocranial disproportion leading to Chiari malformation; it has also been found to be significantly associated with chronic tonsillar herniation in patients with Crouzon syndrome. 5 Given the multifactorial pathophysiology, posterior vault remodeling may or may not affect an existing Chiari malformation. In addition, it is possible that cases of multisutural synostosis involving the lambdoid suture, such as BLSS, rather than all cases of multisutural synostosis, are associated with impaired intracranial venous drainage. In the absence of confirmatory data, we agree that delineation of venous anatomy should be performed prior to posterior vault procedures in all cases of complex craniosynostosis.
Our choice of technique involved extensive exposure of the scalp to allow visualization of the affected coronal, sagittal, and lambdoid sutures. At the same time, we made sure to avoid disrupting areas with significantly enlarged veins. The major collaterals were located medial and inferior to the lambdoid sutures. We exposed only enough to perform a 1-cm suturectomy in this area. The enlarged scalp and emissary veins present over the occipital bone remained untouched. Although some small collaterals may have been sacrificed during scalp elevation, they did not appear to be clinically significant. Nevertheless, longterm follow-up is needed. The patient will be monitored for problems such as facial edema, which has been described following posterior vault remodeling. 22 Alternate approaches include conventional vault remodeling. This would not have decreased the amount of exposure needed but rather may have increased it, due to the need for additional dissection to provide fixation. In addition, due to the anomalous venous collaterals, we were unable to perform a craniectomy in this area and thus could not address the Chiari I malformation. Given the small posterior fossa volume and worsening Chiari I malformation, we sought to maximally expand the occipital region including the posterior fossa. The springs provided a continual force on the calvarial flaps and skin envelope, resulting in a greater expansion than could have been obtained with conventional remodeling. The gradual expansion of the skin envelope permitted more expansion postoperatively while minimizing the risk of wound breakdown that occurs with over-aggressive intraoperative expansion. Another option for cranial vault remodeling is distractor placement. However, this would have required extensive exposure as well and would not have been able to produce expansion in multiple vectors as was needed in our patient.
Although we safely performed cranial expansion in an infant with anomalous intracranial venous drainage, experience with additional patients and long-term follow-up is needed. In addition, the technique for preserving venous collaterals by avoiding the occipital midline may not be applicable to all patients; the technique will be modified according to the location of the major collateral draining vessels for each individual patient. 
